The objective of this study was to evaluate the relationships between chewing behavior, digestibility, and digesta passage kinetics in steers fed oat hay at restricted and ad libitum intakes. Four Hereford steers, with an initial average BW of 136 kg, were used in an experiment conducted as a balanced 4 × 4 Latin square with 4 treatments (levels of intake) and 4 periods. Animals were fed lopsided oat hay (Avena strigosa Schreb.) at 4 levels of intake (as a percentage of BW): 1.5, 2.0, 2.5, and ad libitum. Digestibility, chewing behavior, and digesta passage kinetic measurements were recorded during the experimental period. Chewing rates during eating and ruminating [(chews·min −1 )/g of DMI·kg −1 of BW·d −1 ] decreased (P = 0.018 and P = 0.032, respectively) with increased DMI (g·kg −1 of BW·d −1 ), whereas total chewing and total time spent on each chewing activity increased. Calculated total energy expended by the chewing activity was 4.2, 4.4, 5.2, and 5.3% of ME intake for DMI of 1.5, 2.0, and 2.5% of BW and ad libitum, respectively, indicating that adjustments in animal chewing behavior may be a mechanism of reducing energy expenditure when forages are fed at restricted intake. Hay digestibility decreased (P < 0.001) with increased DMI (r = −0.865). Digesta mean retention time (h) was strongly correlated with DMI (r = −0.868) and OM digestibility (r = 0.844). At reduced intake, hay digestibility was enhanced (P < 0.001) by extending digesta retention time and by increasing chewing efficiency, highlighting the relationship between chewing behavior and the digestive process. Fractional outflow rate of particulate matter from the reticulorumen (k 1 ) was positively correlated with total chews, emphasizing that the decrease in particle size caused by chewing facilitates particle flow through the digestive tract. Increased hay intake also increased (P < 0.001) k 1 , whereas passage rate of the liquid phase, transit time, and rumen fill were not affected (P > 0.05). The latter was correlated with rumen volume (r = 0.803). In conclusion, the results of this study indicate that animals fed at restricted intake increased chewing rate when eating and ruminating, which, along with a longer digesta retention time, contributed to enhance feed digestibility.
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INTRODUCTION
Chewing behavior during eating and ruminating may have an effect on digestibility and digesta mean retention time (MRT) in the gastrointestinal (GI) tract in ruminants (Lechner-Doll et al., 1990; Clauss et al., 2010) , and has been studied as a potential factor affecting DMI (Hendricksen et al., 1981; Poppi et al., 1981; Allison, 1985) and residual feed intake (Bingham et al., 2009; Montanholi et al., 2010) . Studies have also demonstrated the importance of the relationship between ruminating and digestive processes in understanding feed intake (Clauss et al., 2010) . Coleman et al. (2003) reported that intake showed stronger correlations with ruminating and MRT than with forage chemistry in sheep fed hay. According to Clauss et al. (2009) , increasing MRT in large mammalian herbivores increases digestive efficiency but also limits feed intake. As a result, increasing chewing efficiency appears to be an alternative strategy to enhance nutrient uptake.
The ability of ruminants to adapt chewing behavior in adverse conditions, such as restricted feed intake, and its consequences on feed utilization remain poorly understood. Our hypothesis was that feed utilization in the GI tract could be affected by changes in chewing behavior induced in response to the amounts of nutrients ingested. Research aiming to understand the link between chewing behavior, digesta MRT, and digestive processes can provide useful information for establishing feeding strategies to improve animal efficiency as well as for developing mathematical models to predict digestibility and intake that consider these relationships (Sauvant et al., 1996; Seo et al., 2007; Kebreab et al., 2009) . The objective of our study was to evaluate how chewing behavior, digestibility, and digesta passage kinetics, such as digesta MRT, are associated in animals fed hay at different levels of intake to elicit information useful for understanding the differences between restricted and ad libitum feeding in the efficiency of forage utilization.
MATERIALS AND METHODS
The experiment was carried out at the Federal University of Rio Grande do Sul (Brazil), and animals were cared for in accordance with the recommendations of the Animal Care Committee of the Agronomy School of the University.
Animals, Housing, and Diets
Four ruminally cannulated Hereford steers were used in this trial. The animals were weaned and castrated before the experiment commenced. A natural rubber cannula of 11 cm i.d. (Kehl Polímeros Ltda, São Carlos, São Paulo, Brazil) was then inserted into the dorsal sac of the rumen (Muzzi et al., 2009) . Initial and final BW were 136 ± 6.77 kg and 186 ± 11 kg, respectively. The steers were fed lopsided oat hay (Avena strigosa Schreb.) at 4 levels of DMI (as a percentage of BW): 1.5, 2.0, 2.5, and ad libitum. The first 3 levels represented different degrees of feed restriction (from highly restricted to close to ad libitum), whereas ad libitum was the intake at which animals left, on average, 15% orts of the offered hay. The total amount of hay offered in each period was adjusted according to the BW of the animals, which was measured every 7 d. The roughage was harvested at the beginning of the flowering stage, and hay was chopped in a hammer mill without a screen and offered to animals with a predominant particle size between 7 and 10 cm. The daily ration of hay was fed in 6 equal meals at 4-h intervals. Daily orts were collected from feeders just before the first meal in the morning (0800 h). Animals had unlimited access to water and mineral salt. Samples of feed and orts were weighed and kept for subsequent analysis. Nutrient composition of the oat hay fed to the animals, as determined in composite samples taken throughout the study, was (as a percentage of hay, as fed): 89.7% DM, 6.8% ash, 8.1% CP, 68.8% NDF, 41 .7% ADF, and 4.7% ADL.
Experimental Design
The experiment was conducted using a 4 × 4 Latin square design with 4 treatments and 4 periods. Steers were assigned randomly to treatments (intake) within a balanced arrangement of treatments, with 4 periods of 5 wk and a 2-wk interval between each period. During the 2-wk interval between experimental periods, animals were fed the same oat hay at 2% of BW daily, distributed in 6 equal meals. Each period began with 2 wk of adaptation to the intended intake, followed by a 3-wk measurement period, comprising 1 wk for digestibility and chewing behavior measurements (eating, ruminating, and resting), 1 wk for digesta passage kinetic measurements, and 1 wk for rumen fill measurements. The total length of the experiment was 26 wk.
Measurements
Digestibility measurements were accomplished using a conventional 7-d total fecal collection digestibility trial (Rymer, 2000) . For chewing behavior assessments, the steers were fitted with sensors developed at the Federal University of Rio Grande de Sul to record jaw movements. The system was designed to detect and analyze jaw movements by using an electronic oscillator with variable frequency proportional to the jaw movements of the animal (Kras Borges et al., 1989) . Data were recorded by software (SISCANGA) that yields statistical and behavioral reports for 24-h periods (Musse et al., 1992) . The behavior activities recorded were time spent resting (absence of chewing activity), eating, or ruminating and the number of chews during ingestion of feed or during rumination. Therefore, the behavioral activities were calculated as total time (min), number of chews, and number of chews per minute for each activity.
Digesta passage kinetics were measured using Crmordanted oat hay as an external fiber marker (Udén et al., 1980) . Before fecal sampling, a pulse dose of 50 g of Cr-mordanted hay was administered into the rumen through the cannula before the morning feeding. Thereafter, fecal grab samples were collected directly from the rectum over 6 d at intervals of 3 h until 32 h, and then at 4-h intervals until 72 h and at 12-h intervals until the last sampling at 144 h. The collected samples were dried at 100°C and milled through a 1-mm screen. Passage rate of the rumen liquid phase was estimated using Co-EDTA as a marker, prepared according to the method of Udén et al. (1980) . After dosing of the marker (diluted in distilled water), samples of rumen fluid (30 mL) were taken via the cannula every 3 h until 33 h after dosing.
Rumen fill was calculated from DM rumen contents weighed after empting the rumen manually through the cannula. During the last week of each experimental pe-riod, all the rumen contents were manually removed, weighed, sampled, and returned to the rumen on a single occasion at 1000 h (2 h after the morning feeding) on d 16 and 18 of each experimental period (2 animals each day). Each emptying required approximately 15 min for each animal. Thereafter, the total weight of rumen contents was measured, and 5 samples of 500 g were taken and homogenized for further DM analysis. The remaining ruminal contents were returned to the rumen within 30 min of evacuation. Samples were kept frozen before analysis.
Chemical Analysis
Dry matter was determined by oven-drying the feed sample at 105°C, whereas ash and CP were determined according to AOAC (1995) methods. Fiber (NDF, ADF, ADL) was determined in the offered feed, orts, and rumen contents according to the method of Van Soest and Robertson (1985) . Concentrations of Cr in feces and in the mordanted hay fiber were determined at 357.9-nm absorbance using an atomic absorption spectrophotometer (model 403, Perkin-Elmer, Waltham, MA). Cobalt concentration in the rumen liquid was measured by atomic absorption spectrophotometry using a 10-mA chain and a Co resonance line of 2,407 A for the readings.
Calculations
The ME content of the diets was estimated by using OM digestibility measured in vivo by applying the equations proposed by AFRC (1993). Concentrations of Cr in feces were plotted against the time of collection after dosing the marker, and the fecal marker excretion curve was fitted using the procedure proposed by Grovum and Williams (1973a,b) based on the model of Blaxter et al. (1956) . This model has 2 pools within the GI tract with longer and shorter retention times, respectively, and a tubular compartment corresponding to the omasum, small intestine, and distal part of the large intestine. The model is defined as follows:
else Y = 0, where Y is Cr concentration in feces (mg·kg −1 of fecal DM); A is a scale parameter; the irrational constant e is the base of the natural logarithm;
) is the fractional outflow rate from the reticulorumen (the smaller rate constant for the pool with a longer retention time); k 2 (h −1 ) is the larger fractional rate for the pool with a shorter retention time; and TT (h) represents the transit time through the omasum, small intestine, and distal part of the large intestine and can be considered the minimum time taken by a particle to transit between the point of its introduction and sampling. The time between marker dosage and feces collection is represented by t (h).
Rumen volume (L) and liquid passage rate (k L , h −1 ) were calculated by fitting a linear regression to the natural logarithm of Co concentration in the rumen liquid (mg·L −1 ) against sampling time (h), according to the method of Warner and Stacy (1968) .
Statistical Analysis
Each steer receiving one of the levels of intake in each period was considered the experimental unit for all statistical analyses. A mixed-effects model was applied using PROC MIXED (SAS Inst. Inc., Cary, NC):
where Y ijk is the dependent variable, μ is the overall mean, A i is the random effect of animal or steer (i = 1, 2, 3, 4), P j is the effect of period (j = 1, 2, 3, 4), I k is the fixed effect of hay intake (k = 1, 2, 3, 4), and ε ijk is the random residual error. Results are reported as least squares means, multiple comparisons were established using Tukey's test. Differences were declared significant at P < 0.05, and trends in data for the treatment to elicit a response were noted when 0.05 < P < 0.10. The correlations between chewing behavior, digestibility, and digesta passage kinetic parameters were determined using PROC CORR of SAS.
RESULTS AND DISCUSSION
As anticipated from the experimental design, feed intake increased (P < 0.001) as the amount of hay offered increased (Table 1) . No differences in intake were observed between the 2 largest levels of hay offered, indicating that an intake of 2.5% of BW was close to ad libitum intake. As expected, the period effect was, in general, not significant when intake was expressed on a BW basis (g·kg −1 of BW·d −1 ), indicating that BW of the animal did not have a substantial influence on the results; therefore, only the effects of intake are discussed. Moreover, DMI (g·kg −1 of BW·d −1 ) was selected as the explanatory variable in this study and is used as a reference when discussing treatment effects on the parameters assessed.
Effects of Intake on Digestibility, Chewing Behavior, Digesta Kinetics, and Rumen Fill
Differences in feed intake have been shown to affect nutrient digestibility (Thornton and Minson, 1973; Hendricksen et al., 1981; Poppi et al., 1981) . Our results confirm that hay digestibility decreased linearly with increasing DMI (Table 1) , in agreement with the well-established observation that feed digestibility is depressed as intake is increased, most likely because of shorter MRT of digesta in the GI tract (Alwash and Thomas, 1974; Colucci et al. 1982; Shaver et al., 1986; Asano et al., 2005) .
Although the effects of intake on digestibility and digesta kinetics have been studied extensively, little information is available on changes in chewing behavior in response to feed intake (at restricted or ad libitum roughage intake). Eating and ruminating behavior measurements were recorded as total time spent on these activities, chews per minute, and chews per minute per unit of feed (Table 2) . Time spent ruminating increased with feed intake (P = 0.021), whereas steers only tended (P = 0.071) to spend more time eating as intake increased (Table 2) . Conversely, time resting (not eating or ruminating) decreased linearly (P = 0.007) with hay intake. Differences among intakes in time spent eating and ruminating were concealed when times were expressed per unit of DMI. Total number of chews and chewing rates (CHWrate) during feed ingestion and rumination increased linearly with hay intake (Table 2 ), but the opposite trend (a decrease) was observed when rates were scaled per unit of DMI (P = 0.018 and P = 0.032, for CHWrate during eating and ruminating, respectively). Therefore, steers need to increase the total number of chews to ingest a greater amount of hay, but the CHWrate (chews·d −1 ) per unit of DMI (chewing efficiency) is reduced as the amount of hay consumed is increased, with significant (P < 0.001) correlations between DMI and CHWrate [(chews·min −1 )/DMI] during eating (r = −0.905) and during ruminating (r = −0.874). According to Mueller et al. (1998) , "chewing efficiency is a measure of the amount of chewing time required for the physical processing of a unit of food" (p. 245). In our study, the observed decrease in CHWrate per gram of DMI with increasing hay intake suggests that animals with decreased feed intake change their eating and ruminating behavior by accelerating chewing. The greater CHWrate at the least intake may be related to animal hunger (Luginbuhl et al., 1989) .
Intake had a significant (P < 0.001) effect on ruminal passage rate of particulate matter (k 1 , h −1 ) and digesta MRT (h) in the GI tract (Table 3) . A significant (P < 0.001) correlation between DMI and k 2 was also observed. According to the interpretation of Grovum and Williams (1973a,b) , k 2 represents fractional outflow rate from the hindgut (cecum-colon), whereas other authors (Gasa et al., 1991; Aikman et al., 2008) have proposed that a more feasible interpretation of the greater fractional rate k 2 would be that it represents the rate at which large particles of digesta are mixed and broken down (mainly within the reticulorumen). This rate constant becomes greater as hay intake is increased, Within a row, means without a common superscript differ (P < 0.05).
1
Calculated from digestible OM intake. showing that a greater intake can either hasten digesta passage through the large intestine or intensify particle breakdown within the reticulorumen. Passage rate of the liquid phase (k L ), transit time (TT), rumen fill, and rumen volume were not affected by intake, although the last 2 variables increased numerically (Table 3) . Effects of intake on digestibility, chewing behavior, and digesta passage kinetics were evident when restricted intakes (1.5% and sometimes 2.0% of BW) were compared with ad libitum intakes, whereas no differences were observed between 2.5% of BW and ad libitum intake because the amount of hay ingested was similar at these levels.
Relationships Between Chewing Behavior, Digestibility, and Digesta Passage Kinetics
The relationship between digestibility and digesta passage kinetics is well documented, but few studies have examined how the digestibility or MRT of digesta is affected by chewing activity when animals are fed at restricted or ad libitum intake. The observed decrease in digestibility as DMI was increased may be a consequence of shorter MRT in the digestive tract, in particular in the rumen (inverse of k 1 ), as suggested by the correlations between DMI and these variables (Table 4) . Ruminal MRT (inverse of k 1 ) was linearly correlated with digestibility (r = 0.813). Likewise, total MRT was strongly correlated with OM digestibility (r = 0.844; Table 4 ). Furthermore, CHWrate during eating or ruminating may have a role in nutrient digestion because hay digestibility (%) and CHWrate per DMI followed similar trends (decreased with increased hay intake) and were positively correlated (r = 0.743, P = 0.005 for CHWrate during eating, and r = 0.690, P = 0.013 for CHWrate during ruminating). Aikman et al. (2008) compared diet digestibility and eating and ruminating behavior of Jersey and Holstein cows and concluded that the chewing behavior of the Jerseys was more effective for particle size reduction, resulting in enhanced feed digestibility. In the present study, a faster CHWrate was associated with greater hay digestibility, leading to the inference that greater CHWrate may have favored digestion probably by increasing particle comminution, consequently allowing adhesion of more microorganisms able to digest the feed. Clauss et al. (2009) claimed that large mammalian herbivores evolve more efficient dentition or chewing activity to compensate for reduced feed intake, resulting in an increased MRT necessary to enhance digestibility. A trade-off between chewing efficiency and digesta retention has been described, such that a longer retention time of digesta can compensate for insufficient mastication to improve digestive utilization of feed Within a row, means without a common superscript differ (P < 0.05).
1 k 1 = fractional outflow rate of particles from the reticulorumen; k 2 = rate constant for particulate digesta kinetics in the pool with a shorter retention time; k L = fractional outflow rate of rumen liquid; MRT = total mean retention time of particles in the digestive tract. ). The joint processes of selective digesta retention and particle comminution represent one of the most successful adaptations of ruminants to herbivory (Clauss et al., 2010) . The selective retention of digesta contributes to increased chewing efficiency in terms of digesta particle size because retained particles need to be masticated to a greater extent (by ruminating) before flowing out from the reticulorumen ). Both processes (enhanced chewing efficiency and longer digesta retention times) are necessary to enhance feed digestion for the animal to obtain more nutrients at a restricted intake, especially from low-quality fibrous feedstuffs such as the oat hay used in the present study. As suggested by Clauss et al. (2010) , processes other than particle comminution seem to affect the efficient selective particle retention and sorting in the reticulorumen. The positive correlation between MRT and CHWrate observed in this particular situation may indicate that chewing behavior, despite altering the particle size, could have also affected particle specific gravity. A longer MRT is related not only to particle size, but also to particle specific gravity (DesBordes and Welch, 1984; Shaver et al., 1986; Allen, 1996; Hristov et al., 2003) . In support of this idea, Lechner-Doll et al. (1990) found that functional density explained 59% of variation in rumen retention time, whereas particle size accounted for 28%. From our results, it appeared that reduced feed intake was associated with accelerated chewing activity (per unit of feed ingested), which may have affected particle density, consequently increasing MRT in the rumen. Chewing causes a particle size reduction and may increase particle density (Teller et al., 1993; Hristov et al., 2003) , facilitating the outflow of particles through the digestive tract and decreasing MRT. This link is supported by the negative correlation found between total number of chews and MRT (r = 0.848, P < 0.001). Digesta MRT was also correlated with resting time (r = 0.845, P < 0.001). Resting time represents the time during which the animals are not chewing for either ingestion or rumination, explaining its association with slower rumen digesta outflow. The CHWrates during eating and ruminating were also positively associated with resting time (r = 0.749 and 0.651, respectively).
The energy costs of chewing during eating and rumination in steers have been assumed to be approximately 11 and 9 J·min −1 ·kg −1 of BW (Ku-Vera et al., 1989) . The calculated energy expended on total chewing activity was 4.2, 4.4, 5.2, and 5.3% of ME intake for DMI of 1.5, 2.0, and 2.5% of BW and ad libitum intake, respectively. These values are close to the values reported by Aikman et al. (2008) for dry and lactating cows, which had means of 5.7 and 4%, respectively. These results indicate that animals having reduced feed intake spend a smaller proportion of their energy intake on chewing during eating and rumination, probably by increasing chewing efficiency. In a recent study on the plasticity in the ruminant behavior of bighorn sheep, Moquin et al. (2010) observed that CHWrate was least when the quality of the forage was poorest. These authors suggested that, with poor-quality feedstuffs, the energy spent in the increased chewing effort would be greater than its potential benefit. Our results show that feed restriction affects chewing behavior (related to rumination and eating), and indicate that steers might have the ability to regulate the energy used for chewing by changing the CHWrate as determined by feed availability, suggesting that ruminants can optimize their chewing investment as part of a mechanism used to meet their energetic demands when they are forced to deal with feed constraints.
Fractional outflow rate of particulate matter from the reticulorumen (k 1 , h −1 ) was also correlated with total chews (r = 0.852, P < 0.001), emphasizing that a decrease in particle size caused by chewing facilitates particle flow through the digestive tract. When eating and ruminating chews were correlated separately against k 1 , the correlation was fairly strong for the number of chews during rumination (r = 0.880, P < 0.001) but was weaker for the number of eating chews (r = 0.579, P = 0.048). Additionally, k 1 was better correlated with total time spent ruminating than with total time spent eating (Table 4) . These correlations highlight the role of chewing behavior during rumination in the digestive process (Teller et al., 1990) . The strong correlations between rate constant k 2 and total time spent chewing (r = 0.840, P < 0.001) or ruminating CHWrate (r = 0.715, P = 0.009) are in support of the interpretation of k 2 as representing the rate at which large particles of digesta are mixed and broken down in the rumen (Gasa et al., 1991; Okine and Mathison, 1991; Aikman et al., 2008) .
Rumen fill was correlated with rumen volume (r = 0.803), and both measurements, in contrast to most of the measurements made in this study, showed greater correlations with intake expressed as kilograms per day (r = 0.595 and r = 0.778, for rumen fill and rumen volume, respectively) than with daily intake scaled per kilogram of BW (r = 0.207 and r = 0.511, respectively). This stronger correlation with DMI (kg·d −1 ) can be attributed to the fact that rumen volume is a measurement of physical size, which reflects the space available to accommodate a limited quantity of ingested feed. Both rumen fill and rumen volume showed weak correlations with other measurements.
Because the steers in the present study were fed a single type of hay with similar physical and nutritional properties throughout the experiment, differences in the results for digestion, passage rate, and chewing behavior are related to feed intake and how much time the animals spent eating and ruminating. It is clear from our study that chewing activity, digesta flow, digesta MRT, and digestion are linked processes that may change to adjust for differences in feed intake. Animals having a reduced feed intake spent less time eating and ruminating and consequently more time resting. These steers also had greater rumination and ingestion CHWrate (scaled for DMI). Although it is not possible to define clearly how chewing behavior affected digesta MRT, the results of this study indicate that chewing behavior may have an important impact on it, not only through particle comminution, but likely also by altering particle density. Consequently, it seems that digestibility and digesta passage kinetics were affected not only by MRT in the GI tract, but also by chewing behavior. Moreover, it is worth mentioning that the greater CHWrate (eating plus ruminating) for animals having a reduced feed intake may also represent a strategy for saving energy without impairing the digestive process.
In conclusion, it appears that animals fed at restricted intake change their chewing behavior during eating and ruminating by increasing CHWrate (scaled for DMI). This change was associated with an increased digesta MRT and greater digestibility, suggesting that chewing behavior may play an important role in feed efficiency. Understanding the effects of intake on chewing behavior and digesta passage kinetics contributes to elucidating the ruminant adaptive mechanisms for enhancing digestive utilization of feedstuffs (of forages in particular) under situations of restricted feeding as, for instance, in grazing animals exposed to severe seasonal feed shortages.
